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 1. Dissertation Title (If in English, add the Japanese translation.) 
 
Vibrational Properties of Disordered Graphene and Related 2D Materials 
(不規則グラフェン及び２次元物質の格子振動に関する研究) 
 
 2. Abstract (Roughly 2,000 Japanese characters or 800 English words) 
Graphene, the most promising materials for electronic, mechanical, optical and so other versatile 
applications due to its novel and unique properties. It has also opened the door for the other two dimensional 
(2D) materials. Due to the strong couplings between electrons and phonons in graphene related materials, 
vibrational properties have significant effects on the electronic transport properties. Defects which are 
inevitably present in graphene and its related materials which modify the vibrational properties greatly. 
However, in contrast to the intensive research performed on the vibrational properties of pristine graphene, 
the vibrational properties of disordered graphene has not been well studied. In this thesis, the details of the 
various types of defects effects on the vibrational properties of graphene and analogous 2D materials such as 
hexagonal boron nitride (h-BN) has been studied systematically. 
 In the first part of this work, a simple yet reasonably accurate method to calculate the vibrational 
eigenfrequencies and eigenvectors of 2D disordered systems is developed using the forced vibrational 
method, which is based on the mechanical resonance to extract the pure vibrational eigenmodes and suitable 
for very large and complex physical systems. This model is then applied to the study of graphene and h-BN 
with different types of point defects such as isotopes, substitutional doping, vacancies, edges, combined 
isotope and vacancies, as well as doping with native vacancies. 
 This dissertation reports many new findings based on these simulations such as a relatively small 
concentration of defects may lead to significant and specific changes in the phonon density of states 
(PDOSs), especially at low frequencies, near the Van Hove points and in the vicinity of the Г and K points 
of the Brillouin zone. A linear reduction of the Raman active E2g mode frequencies with an increase of 
13
C 
concentration has been observed due to the reduced mass variation of the isotope mixture. A downshift of  
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the E2g mode of 65 cm
-1
 has been found, which are well agreed with the experimental results and the phonon 
frequencies described by the simple harmonic oscillator model. A broadening and softening of the Raman 
active E2g phonon mode with an increase of B and N atoms doped to the graphene has been detected. The 
armchair-edge and vacancy- type defects break down the phonon degeneracy at the Г point of the longitudinal 
and transverse optical (LO and TO) mode, distort and shift down the PDOSs significantly.The PDOS peaks 
for the combined isotope or doping and vacancy-type defects show the remarkable increase in the 
low-frequency region induced by their defect formations. Moreover, for C doped h-BN network, it is found 
that the PDOS greatly depends on the C distribution and coverage. A critical value of C concentration for the 
onset of this C-induced vibrational transition has been determined. The C concentrations of about 10% and 
higher, the E2g peak of h-BN has been reduced into a shoulder or it has completely disappeared. 
 Due to the scattering by disorder entities, the phonon wave functions become localized in the real space. 
These numerical experiments reveal that the disordered graphene show the remarkably spatial localization of 
lattice vibrations. The calculated typical mode patterns for K point in-plane TO mode (iTO) phonons indicate 
that the features of strongly localized state depend on the defect density, and the phonon is localized strongly 
within a region of several nanometers in the random percolation network structures. In particular, a typical 
localization length is on the order of ~7 nm for isotope impurities, ~7.5 nm for B or N doping, ~ 5 nm for 
vacancy-type defects, and ~6 nm for combined defects at high defect concentrations of 30%.  Phonon 
localization in the hybrid BCN network is also studied. The typical mode patterns show that LO and TO mode 
phonons at the Г point is strongly localized and show a desultory behavior within a region of several 
nanometers in the BCN structure. In particular, at 1400 cm
-1
, a typical localization length is on the order of ~4 
nm for randomly distributed C atoms and ~8.5 nm for the regular domains of C of 20% concentration, while 
at 1590 cm
-1
, these values are ~2 nm and ~ 4nm, respectively. 
 Further, a detailed analysis procedure of the edge structures of epitaxial graphene has been developed 
using the polarized Raman scattering spectra. Based on our present experimental results, a rather precise 
atomic-scale realistic edge model has been proposed combining the armchair and zigzag edges along with 
some point defects. 
   These findings demonstrate a route towards further studies aimed at a better understanding of the 
phenomena related with vibrational properties such as thermal conductivity, specific heat capacity, and 
electron-phonon interaction as well as for the interpretation of experiments on infrared, Raman, and 
neutron-diffraction spectra of disordered graphene and related 2D crystals. 
 
